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Myocilin is expressed in the glomerulus of the kidney and in-
duced in mesangioproliferative glomerulonephritis.
Background. Myocilin is a 55 to 57 kD secreted glycoprotein
and member of the olfactomedin protein family. It is expressed
in high amounts in the outflow tissues of the aqueous humor in
the eye where it is supposed to contribute to outflow resistance.
Myocilin is mutated in some forms of primary open angle glau-
coma and affected patients show very high intraocular pressures
because of an increase in resistance to aqueous humor outflow.
To obtain information, if myocilin may play a comparable role
in other tissues with transendothelial fluid flow, we investigated
its expression in the rat kidney.
Methods. The expression of myocilin in the normal rat kidney
and its changes during mesangioproliferative glomerulonephri-
tis were investigated by immunohistochemistry, one- and
two-dimensional gel electrophoresis with Western blotting, and
reverse transcription-polymerase chain reaction (RT-PCR).
Results. Myocilin and its mRNA were detected in isolated
glomeruli. Immunohistochemistry showed specific labeling of
glomerular cells, while tubular and interstitial regions were es-
sentially negative. Double staining with the podocyte-specific
markers synaptopodin and ezrin indicated that myocilin-
positive cells were predominately podocytes. During mesan-
gioproliferative glomerulonephritis, an induction of myocilin
immunoreactivity was observed. Labeling for myocilin was now
observed in activated mesangial cells and areas of glomerular
sclerosis. In parallel cell culture experiments, mRNA for my-
ocilin was detected in cultured murine podocytes and rat mesan-
gial cells.
Conclusion. Myocilin is expressed in podocytes of the kidney
and induced in mesangial cells during experimental mesangio-
proliferative glomerulonephritis. The specific function of my-
ocilin in the kidney is not clear, but in a parallel to functions
of other olfactomedin proteins, it might have a role in cell-cell
adhesion and/or signaling processes.
Key words: podocyte, mesangium, anti-Thy 1 disease, olfactomedin
proteins.
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Podocytes are highly differentiated cells that are es-
sential for glomerular function [1]. They cover the exte-
rior surface of the glomerular basement membrane and
form multiple interdigitating foot processes, which are
connected by slit diaphragms. The structural integrity of
the slit diaphragm is critically required for maintenance
of the selective permeability of the glomerular filtration
barrier. In addition, podocytes are thought to stabilize
glomerular architecture and to counteract the distensions
of the glomerular basement membrane, which are caused
by the high pressure perfusion of glomerular capillar-
ies. In order to serve these functions, podocytes need to
synthesize a specific set of proteins, some of which are
podocyte-preferred or specific. A considerable number
of these proteins have been identified in recent years,
which has greatly added to our understanding of podocyte
function. Prominent examples are nephrin, neph1, and
podocin, which have been shown to be essential for the
integrity of the slit diaphragm. Nevertheless, our knowl-
edge about number and nature of podocyte proteins is
still incomplete.
In a recent study it was shown that the glycoprotein
noelin (also known as olfactomedin-related glycopro-
tein or pancortin [2, 3]) is expressed in podocytes of
the rat kidney [4]. Noelin belongs to the family of ol-
factomedin proteins [5], which are characterized by their
olfactomedin domain [6, 7]. In general, noelin is found in
four splice variants (noelin-1 through -4, or BMZ, AMZ,
BMY, and AMY), of which the two longer ones (noelin-1
and -2, or BMZ and AMZ) contain the olfactomedin do-
main [2, 8]. Podocytes of the rat kidney express noelin-2
or BMZ, and smaller amounts of noelin-3 or BMY [4].
In addition to the kidney, noelin is highly expressed in
the rat and mouse brain [2, 3]. In chicken [8] and mouse
[9] embryos, noelin is expressed in the developing neural
tube and neural crest, where it appears to be an important
signaling molecule as overexpression prolongs the “com-
petent period” of the neural tube to generate neural crest
cells [8].
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The prototype of the olfactomedin family, olfac-
tomedin, was originally discovered in the bullfrog and
identified as the major glycoprotein of the extracellular
mucous layer surrounding the chemosensory dendrites of
the olfactory neuroepithelium [10, 11]. Another promi-
nent member of the olfactomedin family is myocilin, a 55
to 57 kD secreted glycoprotein, which forms larger dimers
and multimers [5]. Myocilin is highly expressed in the tis-
sues of the mammalian anterior eye such as cornea, sclera,
and trabecular meshwork [12–15], the main outflow site
of aqueous humor. In addition, a considerable expres-
sion has been observed in myelinated peripheral nerves,
where myocilin is mainly localized at the abaxonal mem-
brane of Schwann cells [16]. Mutations in myocilin are
responsible for some forms of primary open-angle glau-
coma [17], a neurodegenerative disease that may lead to
permanent optic nerve damage and blindness [18]. De-
pending on the respective site of the mutation, affected
patients may suffer from a massive increase in intraocular
pressure [19], which is caused by an increase in outflow
resistance in the trabecular meshwork. Aqueous humor
percolates through the trabecular meshwork before it
passes Schlemm’s canal endothelium to reach the venous
system [20]. Up until now, a specific function of myocilin
for aqueous humor outflow has not been identified, but
experimental in vitro perfusion of the trabecular mesh-
work with high amounts of recombinant myocilin causes
a marked increase in resistance to flow [21]. In the present
study, we were interested, if myocilin plays a parallel role
in other tissues with larger amounts of transendothelial
fluid flow and investigated its expression in the glomeru-
lus of the rat kidney.
Our results show that in vitro myocilin is expressed
in both podocytes and mesangial cells. In situ, myocilin
is mainly localized in glomerular podocytes. During ex-
perimental mesangial proliferative glomerulonephritis,
glomerular myocilin is induced and predominantly found
in mesangial cells.
METHODS
Animals
Male Sprague Dawley rats (150 to 200 g) were ob-
tained from Charles River, Sulzfeld, Germany. Ex-
perimental mesangial proliferative glomerulonephritis
(anti-Thy 1 model) was induced by a single intravenous
injection of anti-Thy 1 antibodies into the tail vein (1
mg/kg body weight). Two monoclonal antibodies were
used; ER4 (described by Bagchus, Jeunink, and Elema
[22]) was a kind gift from Emile de Heer (University of
Leiden, The Netherlands) and OX-7 (European Collec-
tion of Animal Cell Culture, Salisbury, UK) was kindly
provided by Christian Hugo (University of Erlangen-
Nu¨rnberg, Germany). A 24-hour urine collection was
done from days 2 and 3, 4 and 5, 7 and 8, and 11 and 12.
For ER4 experiments, groups of four animals were killed
on days 2, 6, and 12 after induction of nephritis; for OX-7
experiments, groups of four animals were killed on days
3, 5, 8, and 12, respectively. Renal tissue was obtained for
further preparation. Control animals were injected iso-
tonic saline into the tail vein and killed on days 2, 6, or 12
(ER4), or days 3, 5, 8, or 12 days (OX-7) after injection.
Cell culture
A clonal murine podocyte cell line carrying a
temperature-sensitive mutant of the SV40 large T-antigen
under control of the c-interferon (INF-c)-inducible H-
2Kb promoter was kindly provided by Karlhans Endlich
(University of Heidelberg, Germany), and cultured as
described previously [23]. mRNA was isolated from
differentiated cells, and differentiation was induced by
maintaining the cells at 38◦C without INF-c for at least
1 week. Rat mesangial cell cultures were initiated, char-
acterized, and cultured according to protocols published
elsewhere [24, 25]. Before mRNA extraction, mesangial
cells were serum-deprived for 4 days in medium contain-
ing 0.4% fetal bovine serum (FBS), which served to syn-
chronize the majority of mesangial cells to a quiescent
state.
Immunohistochemistry
After sacrifice of the animals, dissected kidney samples
were fixed in 4% paraformaldehyde or methyl-Carnoy
solution overnight, embedded in paraffin according to
standard protocols and processed for immunohistochem-
istry. Five micrometer sections were cut on a micro-
tome, placed on microscopic slides (SuperFrost/Plus)
(Menzel, Braunschweig, Germany) and preincubated for
30 minutes in dry milk solution. After preincubation, the
sections were incubated overnight at 4◦C with rabbit or
chicken antimyocilin antibodies diluted 1:100 to 1:300 in
phosphate-buffered saline (PBS) containing 2% bovine
serum albumin (BSA). The rabbit antibodies had been
developed by immunizing against the peptide sequence
TRDTARAVPPGSREVST, corresponding to position
188 to 204 of human myocilin. The peptide sequence for
the chicken antibodies was KSELTEVPASRILKES cor-
responding to position 215 to 231 of human myocilin.
The rabbit antibodies had been characterized in previ-
ous studies on human [26, 27], mouse, and rat [16] ocular
tissues, and rat sciatic nerve [16]. Chicken antimyocilin
antibodies were a kind gift of Paul Russell (National
Eye Institute, Bethesda, MD, USA) and were affinity
purified. After overnight incubation, the sections were
washed in PBS, reacted for 1 hour with a biotinylated
secondary antibody against rabbit immunoglobulin (Vec-
tor Laboratories, Burlingame, CA, USA), washed again
and covered with streptavidin-fluorescein isothiocyanate
(FITC) (Vector Laboratories). Control experiments were
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performed by using preimmune serum substituted
for the primary antibody. For double-labeling experi-
ments, sections were incubated with chicken or rab-
bit antimyocilin antibodies in combination with mouse
anti-a-smooth muscle actin (a-SMA) monoclonal anti-
bodies (1:200) (clone A2547) (Sigma Chemical Co., St.
Louis, MO, USA), rabbit antifibronectin (1:200) (Dako,
Glostrup, Denmark), mouse antisynaptopodin (clone
G1D4) (Progen, Heidelberg, Germany), mouse antiezrin
(1:50) (clone 3C12) (Neomarkers, Fremont, CA, USA) or
the anti-Thy 1 epitope (OX-7). Binding of antimyocilin
antibodies was visualized using biotinylated secondary
antibodies and streptavidin-FITC. Other antibodies were
stained with Cy 3-conjugated antimouse or antirabbit IgG
(Dianova, Hamburg, Germany). Control experiments
were performed by using PBS or preimmune serum from
the same host species substituted for the primary anti-
body. After washing in PBS, the sections were mounted
with fluorescent mounting medium (Dako). Slides were
viewed on a fluorescent microscope (Aristoplan) (Ernst
Leitz GmbH, Wetzlar, Germany), or a confocal micro-
scope (MRC 1000) (Bio-Rad, Cambridge, UK) with the
appropriate filter settings for FITC (channel 2), and Cy 3
or background fluorescence (channel 1). Channel 1 and
channel 2 were coded red and green, respectively. Single
optical sections of 1 lm were created and electronically
superimposed.
Protein analysis
For protein analysis, glomeruli were isolated by differ-
ential sieving, lysed in NP40 sample buffer [0.5% NP40,
50 mmol/L Tris, 2 mmol/L ethylenediaminetetraacetic
acid (EDTA), 137 mmol/L NaCl, 10% (vol/vol) glycerol,
and 1 mmol/L phenylmethylsulfonyl fluoride (PMSF)]
and centrifuged at 14,000g for 10 minutes. The super-
natant was taken for gel analysis. Protein content was
measured using Bradford protein assay reagent (Bio-Rad
Laboratories, Mu¨nchen, Germany). Prior to gel anal-
ysis, the protein samples were boiled for 10 minutes.
For one-dimensional Western blot analysis, the proteins
(10 lg) were separated by electrophoresis using a 5%
sodium dodecyl sulfate (SDS) polyacrylamide stacking
gel and a 12% SDS polyacrylamide separating gel, or
a 6% to 15% (wt/vol) gradient gel. After electrophore-
sis, the proteins were transferred with semidry blotting
(Bio-Rad) on a polyvinyl difluoride (PVDF) membrane
(Roche, Mannheim, Germany). The membrane was in-
cubated with PBS containing 5% BSA for 10 minutes.
Polyclonal rabbit or chicken antibodies against myocilin
(diluted 1:500) were added and allowed to react overnight
at 4◦C; for negative controls, antibodies were incubated
with equal amounts of immunizing peptide or preim-
mune serum was used at the same concentration. After
washing with PBS containing 0.1% Tween-20 (PBST), pH
7.2, an alkaline phosphatase-conjugated goat antirabbit
IgG (diluted 1:10,000) (Promega, Mannheim, Germany)
was added for 30 minutes. Visualization of the alkaline-
phosphatase was achieved by chemiluminescence.
Disodium 4-chloro-3-(mothoxyspiro {1,2-dioxetane-3,2-
(5-chloro)tricyclo[3.3.1.13.7]decan}-4-yl) phenyl phos-
phate (CDD-Star) was diluted 1:100 in detection buffer
(100 mmol/L Tris/HCl, pH 9.5, 100 mmol/L NaCl) and the
filters were incubated for 5 minutes at room temperature.
Chemiluminescence was detected on a Lumi-Imager
workstation (Roche). Exposure time ranged between 1
and 15 minutes. The intensity of the hybridization signal
was determined by the Lumi-Analyst software (Roche).
For two-dimensional gel electrophoresis, 2 lg proteins
were subjected to isoelectric focusing on immobilized pH
gradient strips (IPG ReadyStripTM) (Bio-Rad) with pH
ranging from 3 to 10 in 8 mol/L urea, 10 mmol/L dithio-
threitol (DTT), 0.2% Bio-Lytes in 4% (vol/vol) CHAPS
buffer. Molecular weight separation was done on a 6 to
15% (wt/vol) SDS-polyacrylamide gel, followed by silver
staining of the gel using standard techniques or blotting
to a PVDF membrane as described above. Positive con-
trols were performed with recombinant myocilin that was
isolated from a eucaryotic expression system as described
previously [26].
RNA analysis
Total RNA was isolated from isolated rat glomeruli
or from cultured cells by using TRIzol (Invitrogen,
Karlsruhe, Germany) according to the manufacturer’s
instructions. For reverse transcription-polymerase chain
reaction (RT-PCR) detection of myocilin mRNA in
glomerular RNA and cultured mesangial cells, se-
quences of primer pairs for rat myocilin were 5′-GGGT
CAGATCCCTGGAGAGT–3′ and 5′-ACCGTGTCAA
TCCTCCAAGT-3′. For detection of myocilin mRNA
in mouse podocytes, sequences of primer pairs
were 5′-TTCCAGAAGAAACCTCACCCA-3′ and 5′-
GGCCAACGTGTCCAAATTC. Sizes of the expected
PCR-products were 598 bp and 662 bp, respectively.
Sequences of primer pairs crossed exon-intron bound-
aries. For controls, the RT step was omitted (minus
RT control) or RT-PCR was performed without adding
cDNA (negative control). The RT was performed by
using Superscript II RT (Invitrogen) according to the
manufacturer’s protocol. The PCR was performed in
a final volume of 50 lL by denaturation at 94◦C for
2 minutes, followed by 35 cycles of 30 seconds at 94◦C,
30 seconds annealing at 55◦C, and 90 seconds exten-
sion at 72◦C. After the last cycle, the extension time
was 10 minutes. PCR products were gel-purified by using
the GFX PCR-Kit (Amersham Pharmacia Biotech Inc.,
Piscataway, NJ, USA), cloned into pCR II-Topo (Invit-
rogen) and analyzed by automated sequencing with fluo-
rescent dideoxynucleotides (Applied Biosystems Model
310) (Perkin Elmer, Hayward, CA, USA). As positive
control, RNA isolated from rat eyes was used.
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Fig. 1. Immunoreactivity for myocilin (Myoc) in the normal rat kidney. Paraffin sections were incubated with rabbit (A, C, and D) or chicken
antibodies against myocilin (E), preimmune serum (B), or chicken antibodies preabsorbed with the immunizing peptide at equimolar concentration
(F). Both antisera were generated against different regions of myocilin. Positive immunoreactivity is seen in cells of the glomeruli, while tubular
and interstitial areas do not show specific immunoreactivity. Upon higher magnification, the location of immunoreactive cells is consistent with the
synthesis of myocilin in podocytes (D, arrows) [magnification bars (A and B) 100 lm, (C) 33 lm, (D) 4 lm].
RESULTS
Myocilin and its mRNA are expressed in the glomerulus
In the normal rat kidney, cells of the glomeruli showed
positive immunoreactivity for myocilin, while no intersti-
tial or tubular staining was observed (Fig. 1A). Glomeru-
lar staining was confined to the cytoplasm of cells, and no
extracellular labeling in the mesangium or the glomeru-
lar basement membrane was observed. The location of
immunoreactive cells was consistent with the synthesis
of myocilin in podocytes (Fig. 1C to E). The glomeru-
lar staining pattern obtained with two different poly-
clonal antisera against different regions of myocilin was
essentially similar. Control sections in which antibod-
ies had been preabsorbed with the immunizing pep-
tide at equimolar concentration (Fig. 1F), or which were
incubated with preimmune serum showed no staining
(Fig. 1B).
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Fig. 2. Two-dimensional Western blot analysis of proteins from iso-
lated glomeruli (Glom) (A), rat eye without the lens (Eye) (B) and
human recombinant myocilin (rMyoc) (C). After blotting, the mem-
branes were incubated with a peptide antibody specific against human
myocilin. Distinct spots with similar isoelectric point (pI) and molecular
weight as human recombinant myocilin were detected in proteins from
both rat glomeruli and rat eye, which was used as additional positive
control (arrows).
By two-dimensional SDS-polyacrylamide gel elec-
trophoresis (PAGE) and Western blot analyses of iso-
lated rat glomerular proteins, a distinct dot was labeled,
which was immunoreactive for myocilin (Fig. 2A). A dot
with essentially similar isoelectric point (pI) and molecu-
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Fig. 3. Detection of myocilin mRNA in RNA from isolated rat
glomeruli (Glom). By reverse transcription-polymerase chain reaction
(RT-PCR) analysis, distinct bands with expected molecular weight (ar-
row) were amplified from glomerular RNA and eye RNA, which was
used as positive control. The RT step was omitted in –RT controls. The
identity of the PCR products was confirmed by automatic sequencing,
the primer pairs crossed exon-intron boundaries.
lar weight was identified in parallel experiments on pro-
teins from the rat eye (Fig. 2B), which were used as pos-
itive control. A comparable two-dimensional migration
pattern of myocilin was observed for human recombinant
myocilin (Fig. 2C), and had been reported in other studies
using proteins from the rat sciatic nerve [16] and human
ocular tissues [27–29] and cells [30]. The two spots that
were seen in recombinant myocilin are consistent with the
known translational and posttranslational processing of
human myocilin [30]. Control blots, in which preimmune
serum was used, or the antibodies had been preabsorbed
with immunizing peptide were consistently negative (not
shown).
To analyze mRNA expression of myocilin in the rat
glomerulus, RT-PCR was performed with RNA isolated
from fresh rat glomeruli. RNA isolated from the rat eye
served as positive control. Distinct positive products were
amplified from both RNA samples, which each migrated
at the expected molecular weight (Fig. 3). The identity of
each product was confirmed by sequencing. No product
was amplified in parallel control experiments, in which
the RT step had been omitted (Fig. 3).
Glomerular myocilin is predominately localized to
podocytes
To characterize the glomerular cell types that express
myocilin, double-labeling experiments were performed.
Double immunohistochemistry with antibodies against
both myocilin and the podocyte-specific markers ezrin
(Fig. 4A to C), or synaptopodin (Fig. 4D to F) clearly
showed that cells with intense immunoreactivity for my-
ocilin were podocytes that were also labeled for ezrin or
synaptopodin. Ezrin and synaptopodin immunoreactivity
was confined to areas close to podocyte cell membrane
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Fig. 4. Double immunohistochemistry of rat glomeruli with antibodies against myocilin (Myoc) (A, D, G, and J), the podocyte markers ezrin (B)
and synaptopodin (Syn) (E), and the mesangial epitope Thy 1 (H and K). Double immunohistochemistry with antibodies against both myocilin and
ezrin (C), or myocilin and synaptopodin (F) clearly show that the cells with intense immunoreactivity for myocilin are podocytes, which are also
labeled for ezrin or synaptopodin (solid arrows). In double-labeling experiments with antibodies against both myocilin and the mesangial marker
Thy 1 (I and L), the cells with intense immunoreactivity for myocilin are Thy 1–negative (open arrows) while Thy 1–positive cells express no or
only minimal immunoreactivity for myocilin (solid arrows) (magnification bars (A to C) 30 lm, (D to F) 10 lm, (G to I) 35 lm, and (J to L) 15 lm].
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Fig. 5. Immunoreactivity for myocilin in rat glomeruli at day 6 of anti-Thy 1 nephritis. (A) Intense myocilin staining is seen in affected glomeruli
(arrows), while sections treated with preimmune serum are unstained (B) (magnification bars 35 lm). (C and D) Western blotting for myocilin
(Myoc) and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Coomassie-blue stained) of glomerular proteins in two
independent experiments. For separation, a 6% to 15% (wt/vol) gradient gel (C) or 12% SDS separating gel (D) was used. Proteins were isolated at
either days (d) 2, 6, and 12 of anti-Thy 1 nephritis (C), or at days 3, 5, 8, and 12 (D). Control proteins were isolated from day 6 (C) or day 8 control
(Co) animals (D). As compared to controls, a stronger intensity of the band that is immunoreactive for myocilin is seen at day 6 in (C) and days 5
and 8 in (D) (arrows). Coomassie-blue stained membranes confirm equal loading of proteins.
and foot processes. A similar immunostaining has been
described by others and is consistent with the role of ezrin
and synaptopodin as actin-associated proteins [31, 32]. In
contrast, staining for myocilin appeared to be homoge-
nously distributed throughout the podocyte cytoplasm. In
double-labeling experiments with antibodies against both
myocilin and the mesangial marker Thy 1, cells with in-
tense immunoreactivity for myocilin were Thy 1–negative
(Fig. 4G to L) and Thy 1–positive cells expressed no or
only minimal immunoreactivity for myocilin.
Myocilin is induced in mesangioproliferative
glomerulonephritis
In cells of the trabecular meshwork in the eye, in which
myocilin was identified first, the expression of myocilin is
under the influence of fibroblast growth factor-2 (FGF-
2) and transforming growth factor-b1 (TGF-b1) [13, 30].
As both growth factors are thought to be causatively
involved in the pathogenesis of mesangioproliferative
glomerulonephritis [33–35], we studied the expression of
myocilin in the anti-Thy 1 rat model of mesangioprolifer-
ative glomerulonephritis. Intense glomerular immunore-
activity for myocilin was observed at day 6 of animals in
which anti-Thy 1 nephritis was induced by treatment with
antibodies of clone ER4 (Fig. 5A and B), and at days 5
and 8 of animals treated with antibodies of clone OX-7
(Fig. 6). Western blotting of glomerular proteins showed
that the intense immunoreactivity correlated with an in-
crease in glomerular myocilin (Fig. 5C and D). In both
experimental and control animals, no myocilin could be
detected in Western blots from urine.
In mesangioproliferative nephritis, myocilin is localized
in cells of the mesangium
To identify the cells that were immunoreactive for
myocilin during anti-Thy 1 nephritis, double-labeling
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Fig. 6. Double immunohistochemistry of rat glomeruli at days 6 (day 6) (D to F) and 8 (day8) (A to C and J to O) of anti-Thy 1 nephritis, and in
control (Co) animals (G to I and P to R). Sections were stained with antibodies against myocilin (Myoc) (A,D, G, J, M, and P), synaptopodin (Syn)
(B, E, and H), a-smooth muscle actin (Ac) (K), or fibronectin (Fn) (N and Q). (C, F, and I) Myocilin staining combined with staining for the podocyte
marker synaptopodin (M/S). During anti-Thy 1 nephritis not only synaptopodin-positive podocytes are labeled for myocilin, but also cells of the
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Fig. 7. Detection of myocilin mRNA in RNA from a murine podocyte
cell line and cultured rat mesangial cells. By reverse transcription-
polymerase chain reaction (RT-PCR) analysis, distinct bands with ex-
pected molecular weight were amplified from RNA of both cell types.
No cDNA was added to controls (Co). The identity of the PCR-products
was confirmed by automatic sequencing, the primer pairs crossed exon-
intron boundaries.
immunohistochemistry was again performed. When
myocilin staining was combined with staining for
the podocyte marker synaptopodin, not only the
synaptopodin-positive podocytes were labeled for my-
ocilin at days 5 to 8 of anti-Thy 1 nephritis, but also the ac-
tivated cells of the mesangium (Fig. 6A to C), which were
negative for synaptopodin. In animals where anti-Thy 1
nephritis had been induced by antibodies of the clone
ER4, sclerosis caused by a marked accumulation of ex-
tracellular matrix was observed in some of the glomeruli.
Such areas of sclerosis were intensely labeled for myocilin
(Fig. 6D to F). In control animals, myocilin staining was
essentially confined to synaptopodin-positive podocytes
(Fig. 6G to I).
Double immunohistochemistry with antibodies against
both myocilin and a-SMA, a marker for activated mesan-
gial cells [36], confirmed that the cells of the mesangium
were immunoreactive for myocilin (Fig. 6J to L). During
anti-Thy 1 nephritis, cells of the mesangium synthesize
increasing amounts of extracellular matrix components
such as fibronectin [33]. Double-labeling with antibodies
against both fibronectin and myocilin showed overlap-
ping immunoreactivity in large (but not all) areas of the
mesangium (Fig. 6M to O). In contrast, in control animals
myocilin staining remained confined to podocytes, while
←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
mesangium (C). Glomerular areas of sclerosis are intensely labeled for myocilin (F). In control animals, myocilin staining is confined to synaptopodin-
positive podocytes (I). (L) Combined a-smooth muscle actin and myocilin (M/A) immunostaining shows that activated cells of the mesangium are
immunoreactive for both myocilin and a-smooth muscle actin. (O and R) Combined fibronectin and myocilin (M/F) immunostaining. The increase
of myocilin immunoreactivity in the mesangium shows partially overlap with that of fibronectin (O). In control animals, myocilin labeling is confined
to podocytes while fibronectin staining is seen in some small patchy areas of the mesangium (R) [magnification bars (A to I) 30 lm, (J to R) 35 lm].
some small patchy areas of fibronectin staining were seen
in the mesangium (Fig. 6P to R).
Myocilin is expressed in cultured podocytes
and mesangial cells
As the immunohistochemical localization of a secreted
protein does not strongly indicate its cellular origin, we
investigated the expression of myocilin in a well differ-
entiated murine podocyte cell line and in cultured rat
mesangial cells. By RT-PCR, distinct positive products
were amplified from RNA of both cell lines, which
each migrated at the expected molecular weight (Fig. 7).
Primers crossed exon-intron boundaries and the identity
of each product was confirmed by sequencing. No prod-
ucts were amplified in parallel control experiments, in
which no cDNA was added.
DISCUSSSION
Our data show that myocilin, a 55 to 57 kD glycoprotein
of the olfactomedin family, is constitutively expressed in
podocytes of the rat kidney. There is substantial evidence
that myocilin is secreted, as it contains a signal sequence
[37], and is found in the aqueous humor of the eye in
vivo [38–41] and in cell culture supernatant in vitro [26,
41, 42]. Still, in the present study, podocyte immunore-
activity for myocilin was predominantly observed in the
cytoplasm. In addition, no myocilin could be detected
in urine from control and experimental animals, indicat-
ing that glomerular cells do not secrete larger amounts
of myocilin, or that myocilin once secreted is degraded
rapidly. In other cell types, some authors have provided
evidence for a cytoplasmic role of myocilin, and have sug-
gested an involvement in Golgi function [43], an associ-
ation with elements of the cytoskeleton [44–46], or an
interaction with mitochondria [44, 47]. Comparable cy-
toplasmic roles of myocilin might also be relevant for
podocytes in the kidney. Another, more likely, possibil-
ity is that our antibodies pick up myocilin while it is
processed for secretion in the rough endoplasmic reticu-
lum and the Golgi apparatus, and that any extracellular
localization of myocilin in the glomerulus (e.g., on the cell
surface of podocytes) is more difficult to distinguish by
light microscopy. Clearly, immune electron microscopy
will be required to clarify this issue. It is interesting to
note that noelin, another prominent member of the olfac-
tomedin family, has been found to be associated with the
Golgi apparatus of podocytes [4]. Based on this finding,
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a contribution of noelin to the function or the struc-
tural maintenance of the Golgi complex has been sug-
gested [4]. Still, similar to myocilin, a Golgi association
of noelin might simply reflect processing of the protein
during secretion as noelin also contains a signal sequence
[2] and experimental in vivo studies indicate secretion of
noelin during neural tube and neural crest development
[8, 48].
As a specific function of myocilin has not been iden-
tified so far [5], the role of myocilin for the biology of
podocytes remains unclear in the moment. Since my-
ocilin is expressed in very high amounts in the trabecular
meshwork of the eye [12, 13, 15], the main outflow path-
way for aqueous humor [20], a role for the modulation
of aqueous humor outflow resistance has been consid-
ered for myocilin [5]. Such a role is supported by some
experimental data. Myocilin in the aqueous humor forms
high-molecular-weight dimers and multimers [39, 40], and
binds tightly to 0.2 lm polycarbonate microporous fil-
ters [39], which have a similar pore size as found in the
trabecular meshwork and which become obstructed, if
aqueous humor is perfused through them [49]. In addi-
tion, experimental perfusion of organ-cultured trabecu-
lar meshwork with recombinant myocilin isolated from
bacteria increases outflow resistance [21], although more
recent studies employing a large C-terminal fragment of
recombinant myocilin isolated from a eukaryotic expres-
sion system are less conclusive [26]. In parallel to the
aqueous humor outflow tissues in the eye, myocilin se-
creted from podocytes may interact with those molecules
that contribute to the glomerular filtration barrier in re-
gion of the podocyte foot process intercellular junction.
This junction appears to require homophilic interactions
of the extracellular parts of nephrin, and the formation
of hetero-oligomers between nephrin and neph1 [50–53],
but at present is unclear how myocilin might contribute
to these interactions. Evidence for a role in cell-cell ad-
hesion has been recently reported for amassin, another
member of the olfactomedin family, which is found in
the sea urchin. Amassin has been shown to mediate the
massive intercellular adhesion that results in clotting of
coelomocytes [54].
The comparison of myocilin with other members of the
olfactomedin family indicates other possible functions.
Noelin is expressed in the developing neural tube and
crest of chicken [8] and mouse [9] embryos, where it ap-
pears to be an important signaling molecule as overex-
pression prolongs the “competent period” of the neural
tube to generate neural crest cells [8]. Signaling functions
have also been attributed to tiarin, an olfactomedin fam-
ily member in Xenopus, which is involved in the signals
that are required for dorsal neural differentiation of the
developing neural tube [55]. A comparable function of
myocilin in podocytes would imply a direct or indirect
contribution to autocrine or paracrine signaling processes
in the adult kidney.
The possible functions of podocyte myocilin are not
mutually exclusive, and to analyze these functions, in
vitro studies employing recombinant myocilin and cul-
tured podocytes are currently underway in our labora-
tory. Additional insight might also come from the analysis
of Myoc−/− knockout mice, which have been generated,
but have not been investigated closer with respect to their
specific kidney function and phenotype [56]. The avail-
able data indicate that myocilin is not critically required
for the structure of the glomerulus as Myoc−/− mice are
viable [56].
In ocular cells, the expression of myocilin is under
the influence of FGF-2 and TGF-b1 [13, 30]. As both
growth factors critically contribute to the pathogenetic
events during experimental glomerulonephritis [33–35],
we investigated the expression of myocilin in experi-
mental anti-Thy 1 nephritis. The substantial induction
of mesangial myocilin immunostaining that was found
under these conditions correlated with the increase in
mesangial a-SMA expression and fibronectin synthesis,
which has been described previously [33, 36]. We also ob-
served clear evidence for an extracellular localization of
myocilin in the mesangium of some affected glomeruli.
At present, the functional role of myocilin during anti-
Thy 1 nephritis is as unclear as that in the normal kid-
ney. We assume that mesangial myocilin in the inflamed
glomerulus has rather a regulatory than a structural
function, and may interact with cell-surface receptors,
extracellular matrix, growth factors, and/or proteases. A
similar role has been shown for matricellular proteins
such as thrombospondin-1, secreted protein, acidic and
rich in cysteine (SPARC) or tenascin, which are all up-
regulated during experimental glomerulonephritis [57–
60]. Clearly, more studies are needed to establish a ma-
tricellular function for mesangial myocilin.
Mutations in myocilin are causative for some forms of
primary open-angle glaucoma [17] and affected patients
suffer from high intraocular pressures because of a dys-
function of the aqueous humor outflow system [5]. So
far, all available data indicate that mutated myocilin is
not secreted, but accumulates within cells [26, 41, 42]. Up
to now, it is unclear how the lack of secretion causes criti-
cal problems in aqueous humor outflow, but a dominant-
negative or gain-of-function mechanism appears to be
the most likely hypothesis [5]. Whatever the mechanism
might be, by which mutations in myocilin cause glaucoma,
it is obviously not relevant for the proper function of the
kidney as affected patients do not have apparent kidney
problems [19]. In contrast to the eye, compensatory mech-
anisms appear to be active in the kidney that compen-
sate for dominant-negative or other effects of mutated
myocilin.
ACKNOWLEDGMENTS
The authors would like to thank Kathrin Baier, Antonia Kellen-
berger, Yasmine Onderka, and Nadine Petersen for invaluable technical
150 Goldwich et al: Myocilin in the kidney
help. The ER4 antibody was a kind gift from Emile de Heer (Univer-
sity of Leiden, The Netherlands). Chicken antimyocilin antibodies were
generously provided by Paul Russell (National Eye Institute, Bethesda,
MD, USA), and the murine podocyte cell line by Karlhans Endlich
(Department of Anatomy and Cell Biology, University of Heidel-
berg, Germany). Christian Hugo and Christoph Daniel (Department
of Nephrology, University of Erlangen-Nu¨rnberg, Germany) provided
very helpful comments and discussion. This study was supported by a
grant from the Deutsche Forschungsgemeinschaft (SFB 423, TP A9)
and is dedicated to the memory of the late R. Bernd Sterzel.
Reprint requests to Ernst R. Tamm, Department of Anatomy, Molec-
ular Anatomy and Embryology, University of Erlangen-Nu¨rnberg, Uni-
versita¨tsstr. 19, D-91054 Erlangen, Germany.
E-mail: Ernst.Tamm@anatomie2.med.uni-erlangen.de
REFERENCES
1. PAVENSTA¨DT H, KRIZ W, KRETZLER M: Cell biology of the glomerular
podocyte. Physiol Rev 83:253–307, 2003
2. DANIELSON PE, FORSS-PETTER S, BATTENBERG EL, et al: Four
structurally distinct neuron-specific olfactomedin-related glycopro-
teins produced by differential promoter utilization and alternative
mRNA splicing from a single gene. J Neurosci Res 38:468–478, 1994
3. NAGANO T, NAKAMURA A, MORI Y, et al: Differentially expressed
olfactomedin-related glycoproteins (Pancortins) in the brain. Brain
Res Mol Brain Res 53:13–23, 1998
4. KONDO D, YAMAMOTO T, YAOITA E, et al: Localization of
olfactomedin-related glycoprotein isoform (BMZ) in the Golgi ap-
paratus of glomerular podocytes in rat kidneys. J Am Soc Nephrol
11:803–813, 2000
5. TAMM ER: Myocilin and glaucoma: Facts and ideas. Prog Retin Eye
Res 21:395–428, 2002
6. KARAVANICH C, ANHOLT RR: Evolution of olfactomedin. Structural
constraints and conservation of primary sequence motifs. Ann NY
Acad Sci 855:294–300, 1998
7. KARAVANICH CA, ANHOLT RR: Molecular evolution of olfac-
tomedin. Mol Biol Evol 15:718–726, 1998
8. BAREMBAUM M, MORENO TA, LABONNE C, et al: Noelin-1 is a se-
creted glycoprotein involved in generation of the neural crest. Nat
Cell Biol 2:219–225, 2000
9. MORENO TA, BRONNER-FRASER M: Neural expression of mouse
noelin-1/2 and comparison with other vertebrates. Mech Dev
119:121–125, 2002
10. SNYDER DA, RIVERS AM, YOKOE H, et al: Olfactomedin: Purification,
characterization, and localization of a novel olfactory glycoprotein.
Biochemistry 30:9143–9153, 1991
11. YOKOE H, ANHOLT RR: Molecular cloning of olfactomedin, an extra-
cellular matrix protein specific to olfactory neuroepithelium. Proc
Natl Acad Sci USA 90:4655–4659, 1993
12. ADAM MF, BELMOUDEN A, BINISTI P, et al: Recurrent mutations in
a single exon encoding the evolutionarily conserved olfactomedin-
homology domain of TIGR in familial open-angle glaucoma. Hum
Mol Gen 12:2091–2097, 1997
13. TAMM E, RUSSELL P, EPSTEIN DL, et al: Modulation of My-
ocilin/TIGR expression in human trabecular meshwork. Invest
Ophthalmol Vis Sci 40:2577–2582, 1999
14. SWIDERSKI RE, ROSS JL, FINGERT JH, et al: Localization of MYOC
transcripts in human eye and optic nerve by in situ hybridization.
Invest Ophthalmol Vis Sci 41:3420–3428, 2000
15. TOMAREV SI, WISTOW G, RAYMOND V, et al: Gene expression profile
of the human trabecular meshwork: NEIBank sequence tag analy-
sis. Invest Ophthalmol Vis Sci 44:2588–2596, 2003
16. OHLMANN A, GOLDWICH A, FLU¨GEL-KOCH C, et al: Secreted glyco-
protein myocilin is a component of the myelin sheath in peripheral
nerves. Glia 43:128–140, 2003
17. STONE EM, FINGERT JH, ALWARD WLM, et al: Identification of a
gene that causes primary open angle glaucoma. Science 275:668–
670, 1997
18. THYLEFORS B, NEGREL AD, PARARAJASEGARAM R, DADZIE KY:
Global data on blindness. Bull World Health Organ 73:115–121,
1995
19. ALWARD WL, FINGERT JH, COOTE MA, et al: Clinical features asso-
ciated with mutations in the chromosome 1 open-angle glaucoma
gene. N Engl J Med 338:1022–1027, 1998
20. JOHNSON M, ERICKSON K: Mechanisms and routes of aqueous humor
drainage, in Principles and Practice of Ophthalmology, edited by
Albert DM, Jakobiec FA, Philadelphia, WB Saunders Co., 2000, pp
2577–2595
21. FAUTSCH MP, BAHLER CK, JEWISON DJ, JOHNSON DH: Recombinant
TIGR/MYOC increases outflow resistance in the human anterior
segment. Invest Ophthalmol Vis Sci 41:4163–4168, 2000
22. BAGCHUS WM, JEUNINK MF, ELEMA JD: The mesangium in anti-Thy-
1 nephritis. Influx of macrophages, mesangial cell hypercellularity,
and macromolecular accumulation. Am J Pathol 137:215–223, 1990
23. SCHIWEK D, ENDLICH N, HOLZMAN L, et al: Stable expression of
nephrin and colocalization to cell-cell contacts in novel murine
podocyte lines. Kidney Int 66:91–101, 2004
24. SCHO¨CKLMANN HO, LANG S, KRALEWSKI M, et al: Distinct structural
forms of type I collagen modulate cell cycle regulatory proteins in
mesangial cells. Kidney Int 58:1108–1120, 2000
25. RUPPRECHT HD, DANN P, SUKHATME VP, et al: Effect of vasoactive
agents on induction of Egr-1 in rat mesangial cells: correlation with
mitogenicity. Am J Physiol 263:F623–F636, 1992
26. GOLDWICH A, ETHIER CR, CHAN DW, TAMM ER: Perfusion with the
olfactomedin domain of myocilin does not affect outflow facility.
Invest Ophthalmol Vis Sci 44:1953–1961, 2003
27. KARALI A, RUSSELL P, STEFANI FH, TAMM ER: Localization of my-
ocilin/trabecular meshwork inducible glucocorticoid response pro-
tein in the human eye. Invest Ophthalmol Vis Sci 41:729–740, 2000
28. CLARK AF, STEELY HT, DICKERSON JE, JR., et al: Glucocorticoid
induction of the glaucoma gene MYOC in human and monkey
trabecular meshwork cells and tissues. Invest Ophthalmol Vis Sci
42:1769–1780, 2001
29. CLARK AF, KAWASE K, ENGLISH-WRIGHT S, et al: Expression of the
glaucoma gene myocilin (MYOC) in the human optic nerve head.
FASEB J 15:1251–1253, 2001
30. POLANSKY JR, FAUSS DJ, CHEN P, et al: Cellular pharmacology and
molecular biology of the trabecular meshwork inducible glucocorti-
coid response (TIGR) gene product. Ophthalmologica 211:126–139,
1997
31. HUGO C, NANGAKU M, SHANKLAND SJ, et al: The plasma membrane-
actin linking protein, ezrin, is a glomerular epithelial cell marker
in glomerulogenesis, in the adult kidney and in glomerular injury.
Kidney Int 54:1934–1944, 1998
32. MUNDEL P, HEID HW, MUNDEL TM, et al: Synaptopodin: An actin-
associated protein in telencephalic dendrites and renal podocytes.
J Cell Biol 139:193–204, 1997
33. FLOEGE J, ENG E, YOUNG BA, et al: Infusion of platelet-derived
growth factor or basic fibroblast growth factor induces selective
glomerular mesangial cell proliferation and matrix accumulation in
rats. J Clin Invest 92:2952–2962, 1993
34. FLOEGE J, BURG M, HUGO C, et al: Endogenous fibroblast growth
factor-2 mediates cytotoxicity in experimental mesangioprolifera-
tive glomerulonephritis. J Am Soc Nephrol 9:792–801, 1998
35. BORDER WA, OKUDA S, LANGUINO LR, et al: Suppression of ex-
perimental glomerulonephritis by antiserum against transforming
growth factor-b1. Nature 346:371–374, 1990
36. JOHNSON RJ, IIDA H, ALPERS CE, et al: Expression of smooth muscle
cell phenotype by rat mesangial cells in immune complex nephritis.
a-smooth muscle actin is a marker of mesangial cell proliferation. J
Clin Invest 87:847–858, 1991
37. NGUYEN TD, CHEN P, HUANG WD, et al: Gene structure and proper-
ties of TIGR, an olfactomedin-related glycoprotein cloned from
glucocorticoid-induced trabecular meshwork cells. J Biol Chem
273:6341–6350, 1998
38. RAO PV, ALLINGHAM RR, EPSTEIN DL: TIGR/myocilin in human
aqueous humor. Exp Eye Res 71:637–641, 2000
39. RUSSELL P, TAMM ER, GREHN FJ, et al: The presence and properties
of myocilin in the aqueous humor. Invest Ophthalmol Vis Sci 42:983–
986, 2001
40. FAUTSCH MP, JOHNSON DH: Characterization of myocilin-myocilin
interactions. Invest Ophthalmol Vis Sci 42:2324–2331, 2001
41. JACOBSON N, ANDREWS M, SHEPARD AR, et al: Non-secretion of mu-
tant proteins of the glaucoma gene myocilin in cultured trabecular
Goldwich et al: Myocilin in the kidney 151
meshwork cells and in aqueous humor. Hum Mol Genet 10:117–125,
2001
42. CABALLERO M, ROWLETTE LL, BORRAS T: Altered secretion of a
TIGR/MYOC mutant lacking the olfactomedin domain. Biochim
Biophys Acta 1502:447–460, 2000
43. O’BRIEN ET, REN X, WANG Y: Localization of myocilin to the
Golgi apparatus in Schlemm’s canal cells. Invest Ophthalmol Vis
Sci 41:3842–3849, 2000
44. UEDA J, WENTZ-HUNTER KK, CHENG EL, et al: Ultrastructural local-
ization of myocilin in human trabecular meshwork cells and tissues.
J Histochem Cytochem 48:1321–1330, 2000
45. WENTZ-HUNTER K, UEDA J, YUE BY: Protein interactions with my-
ocilin. Invest Ophthalmol Vis Sci 43:176–182, 2002
46. MERTTS M, GARFIELD S, TANEMOTO K, TOMAREV SI: Identification of
the region in the N-terminal domain responsible for the cytoplasmic
localization of Myoc/Tigr and its association with microtubules. Lab
Invest 79:1237–1245, 1999
47. WENTZ-HUNTER K, UEDA J, SHIMIZU N, YUE BY: Myocilin is associ-
ated with mitochondria in human trabecular meshwork cells. J Cell
Physiol 190:46–53, 2002
48. MORENO TA, BRONNER-FRASER M: The secreted glycoprotein
noelin-1 promotes neurogenesis in Xenopus. Dev Biol 240:340–360,
2001
49. ETHIER CR, KAMM RD, JOHNSON M, et al: Further studies on the flow
of aqueous humor through microporous filters. Invest Ophthalmol
Vis Sci 30:739–746, 1989
50. BARLETTA GM, KOVARI IA, VERMA RK, et al: Nephrin and Neph1
co-localize at the podocyte foot process intercellular junction
and form cis hetero-oligomers. J Biol Chem 278:19266–19271,
2003
51. LIU G, KAW B, KURFIS J, et al: Neph1 and nephrin interaction in the
slit diaphragm is an important determinant of glomerular perme-
ability. J Clin Invest 112:209–221, 2003
52. KHOSHNOODI J, SIGMUNDSSON K, OFVERSTEDT LG, et al: Nephrin
promotes cell-cell adhesion through homophilic interactions. Am
J Pathol 163:2337–2346, 2003
53. GERKE P, HUBER TB, SELLIN L, et al: Homodimerization and het-
erodimerization of the glomerular podocyte proteins nephrin and
NEPH1. J Am Soc Nephrol 14:918–926, 2003
54. HILLIER BJ, VACQUIER VD: Amassin, an olfactomedin protein, medi-
ates the massive intercellular adhesion of sea urchin coelomocytes.
J Cell Biol 160:597–604, 2003
55. TSUDA H, SASAI N, MATSUO-TAKASAKI M, et al: Dorsalization of the
neural tube by Xenopus tiarin, a novel patterning factor secreted
by the flanking nonneural head ectoderm. Neuron 33:515–528, 2002
56. KIM BS, SAVINOVA OV, REEDY MV, et al: Targeted disruption of
the myocilin gene (Myoc) suggests that human glaucoma-causing
mutations are gain of function. Mol Cell Biol 21:7707–7713, 2001
57. HUGO C, PICHLER R, MEEK R, et al: Thrombospondin 1 is expressed
by proliferating mesangial cells and is up-regulated by PDGF and
bFGF in vivo. Kidney Int 48:1846–1856, 1995
58. FLOEGE J, ALPERS CE, SAGE EH, et al: Markers of complement-
dependent and complement-independent glomerular visceral ep-
ithelial cell injury in vivo. Expression of antiadhesive proteins and
cytoskeletal changes. Lab Invest 67:486–497, 1992
59. PICHLER RH, BASSUK JA, HUGO C, et al: SPARC is expressed
by mesangial cells in experimental mesangial proliferative nephri-
tis and inhibits platelet-derived-growth-factor-medicated mesangial
cell proliferation in vitro. Am J Pathol 148:1153–1167, 1996
60. JYO Y, SASAKI T, NOMURA S, et al: Expression of tenascin in mesan-
gial injury in experimental glomerulonephritis. Exp Nephrol 5:423–
428, 1997
